Abstract. The present study aimed to investigate the expression status of miRNA-199a-3p in patients with diabetic neuropathy (DN) and the mechanism by which this miRNA is involved in the genesis of DN. The expression of miRNA-199a-3p in plasma of peripheral blood was compared between patients with diabetes and a family history of diabetes and control volunteers by reverse transcription-quantitative polymerase chain reaction (RT-qPCR); in 60 diabetes patients, 45 (75%) demosntrated upregulated miR-199a-3p expression compared with control volunteer plasma. RT-qPCR was also used to detect miRNA-199a-3p expression in paired lower limb skin tissues from 30 patients with DN and 20 control volunteers; miR-199a-3p expression in patients with DN was significantly higher than in the control group. Next miR-199a-3p expression levels were evaluated with respect to the clinic-pathological parameters of diabetes; increased expression of miR-199a-3p was significantly associated with increased disease duration (P=0.041), glycated hemoglobin (HbA1C) levels (P=0.033), and fibrinogen levels (P=0.003). Finally, the effects on downstream mRNA expression levels were investigated as a result of manipulating miR-199a-3p levels. miR-199a-3p overexpression inhibited the expression of the extracellular serine protease inhibitor E2 (SerpinE2). Therefore, it may be hypothesized that miR-199a-3p can induce DN via promoting coagulation in skin peripheral circulation, through the downregulation of SerpinE2. The present findings suggested that miR-199a-3p may have potential as a novel therapeutic target for the treatment of patients with DN.
Introduction
The prevalence of diabetes is increasing rapidly, and type 2 diabetes now accounts for 20-50% of cases of new-onset diabetes in young people (1, 2) . Diabetic peripheral neuropathy (DN) is the most common complication in both type 1 and type 2 diabetes (3). To explore a more effective treatment for DN, efforts have been focused on the molecular mechanisms underlying the etiology of DN. Serine protease inhibitors, termed serpins, are key regulators of many biological events (4) . In blood, they circulate as inactive proforms or zymogens, and once activated, are quickly and irreversibly inhibited by circulating inhibitors, in particular by serine protease inhibitors, termed serpins. The extracellular serine protease inhibitor E2 (SerpinE2), also called Protease Nexin-1 (PN-1) belongs to the Serpin gene superfamily (5) . Santoro et al (6) demonstrated that SerpinE2 prevents cartilage catabolism by inhibiting the expression of matrix metalloproteinase 13, one of the most relevant collagenases, involved in cartilage breakdown in OA. Another study using PN-1-deficient mice revealed that SerpinE2 confers antithrombotic and antifibrinolytic properties that had previously not been recognized (4) . However, the effect of this factor upon diabetes neuropathy remains unknown.
MicroRNAs (miRNAs or miRs) are a family of non-coding RNAs that inhibit gene expression by interacting directly with the 3'-untranslated regions (3'-UTRs) of target mRNAs (7, 8) . Through these interactions, they can inhibit translation of the targeted mRNAs or degrade them (9) . miRNAs have multiple functions, affecting many aspects of all kinds of diseases. Although there is much evidence linking altered miRNA expression with various cancers (10, 11) , the role of miRNAs in diabetes has not been sufficiently examined. Through suppressing key genes involved in disease development and progression, miRNAs can affect many disease-related signaling pathways via local or systemic regulation (12) . The association between changes in miRNA expression and the development of diabetes neuropathy presents us with a new angle to explore pathogenesis and progression of diabetes: In diabetes, several miRNAs including miR-590-3p, miR-155 and miR-199a-3p is involved in the pathogenesis and progression of diabetic neuropathy through downregulation of SerpinE2 YING-BO LI   1*   , QUN WU  1* , JIE LIU  2 , YONG-ZHI FAN  1 , KAI-FENG YU  3 and YI CAI   1 miR-323b-5p have been demonstrated to be associated with genesis and prognosis of diabetes patients (13) (14) (15) . Limited studies have been performed on miRNA expression profiles in patients with DN, especially in DN-induced pain, and miRNA expression has not previously been linked to SerpinE2 (16) . In the present study, miRNA-199a-3p expression was detected in the plasma of patients with diabetes and healthy controls in order to study the pathogenesis of diabetes. In addition, miRNA-199a-3p expression was examined in lower limb tissue samples isolated from patients with DN and from healthy volunteers. Finally, the molecular mechanisms underlying the effects of miRNA-199a-3p in DN were examined using endothelial cell lines. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RNA was extracted from plasma obtained from patients and control volunteers using the mirVana PARIS kit (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA was then reverse transcribed using the PrimeScript ™ RT-PCR kit (Takara Bio, Inc., Otsu, Japan) and qPCR performed using Real Time PCR Master Mix SYBR-Green PCR (Toyobo Co., Ltd., Osaka, Japan). Thermocycling conditions were as follows: A total of 45 cycles of denaturation at 95˚C for 15 sec, annealing at 55˚C for 30 sec, and extension at 72˚C for 30 sec. U6 was used as the internal control. The primers used were as follows: miR-199a-3p, forward 5'-GCG GCG GAC AGT AGT CTG CAC-3', reverse 5'-ATC CAG TGC AGG GTC CGA GG-3'; U6, forward 5'-CTC GCT TCG GCA GCA CA-3', reverse 5'-AAC GCT TCA CGA ATT TGG T-3'. Relative miRNA expression levels were calculated using the 2 -ΔΔCq method (17) . All assays were carried out in triplicate.
Materials and methods

Patients
Total RNA from DN lower limb skins and control group tissues was obtained using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA (1 µg) was reverse transcribed and subjected to qPCR using the same method as that used for plasma microRNA.
miRNA-199a-3p expression was measured using a CFX Connect ™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The process was repeated in the CRL-4025 cell line to measure the transfection efficiency of miR-199a-3p mimic and inhibitor. no. PCS-110-041; American Type Culture Collection) and 12.5 µg/ml blasticidine and penicillin/streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 . To manipulate miR-199a-3p expression, miRNA mimics (5'-UAC CCC UCC CCC CAU CCC GCC UGC CCA CCC CCC CCC CCC CCC CGU GUU CAG ACU ACC UGU UCA GGA AGU AGU GGU UGU ACA GUA GUC UGC ACA UUG GUU AGG CUG GUU AGG GAA GUG CG-3') and inhibitor (5'-AAG AAC CUG CUC CGU CGC CCC AGU GUU CAG ACU ACC UGU UCA GGA CAA UGC UGU UGU ACA GUA GUC UGC ACA UUG GUU AGA CUG GGC AUG GGA CAG-3'; Thermo Fisher Scientific, Inc.) were used to transiently transfect CRL-4025 cell lines. Small interfering RNA (siRNA) targeting different coding regions of human SerpinE2 and its scrambled siRNA sequence (NC) were synthesized by Thermo Fisher Scientific Inc. The siRNA sequences were as follows: siRNA1, sense 5'-AAG ACA TTG TGA CAG TGG CTA-3', antisense 3'-TTC TGT AAC ACT GTC ACC GAT-5'; siRNA2, sense 5'-AAG ACC ATA GAC AGC TGG ATG-3', antisense 3'-TTC TGG TAT CTG TCG ACC TAC-5'; and scramble siRNA, sense 5'-AAG ACC AAC TGA CAG TGG CTA-3' and antisense 3'-TTC TGT AAT TAG GTC ACC GAT-5'. Transfections were performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Cells were plated at a density of 6x10 4 per well in a 6-well plate. The expression of miR-199a-3p was measured 48 h after reaching confluence; protein expression was measured 72 h after reaching confluence.
Luc-UTR vectors and tumor protein p53 (P53)-expressing vector.
The full-length SerpinE2 3'-UTR was cloned into the Sac1 and Mlu1 sites of the pMIR-REPORT luciferase vector (Ambion; Thermo Fisher Scientific, Inc.). A mutated vector with the first 5 nucleotides complementary to the miR-199a-3p seed-region mutated was constructed as a control.
Full-length P53 cDNA entirely lacking the 3'-UTR was purchased from Gene Chem (Shanghai, CHINA) and subcloned into the pcDNA3.1(+) vector (Invitrogen; Thermo Fisher Scientific, Inc.). The blank pcDNA3.1(+) vector was applied as a negative control.
Western blot analysis. Cells were lysed using radioimmunoprecipitation assay lysis buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) for 30 min on ice, sonicated for 5-10 sec and then centrifuged at 12,000 x g for 20 min at 4˚C. Protein concentrations were determined using a DC ™ Protein Assay (Bio-Rad Laboratories, Inc.). Equal amounts (40 µg) of extracted protein samples were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked with 2% milk in PBS containing 0.1% Tween-20 at room temperature for 2 h, and subsequently probed with the following primary antibodies overnight at 4˚C: Anti-SerpinE2 (cat. no. ab154591; 1:1,000; Abcam, Cambridge, MA, USA), anti-tissue plasminogen activator (tPA; cat. no. ab157469; 1:1,000; Abcam), anti-β-actin (cat. no. sc-130300; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-GADPH (cat. no. ab37168; 1:1,000; Abcam). Membranes were then incubated with the following horseradish peroxidase-conjugated secondary antibodies for 2 h at room temperature: Anti-rabbit (cat. no. A0545; 1:5,000; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and anti-mouse (cat. no. A9044; 1:5,000; Sigma-Aldrich; Merck KGaA). The protein bands were detected using an enhanced chemiluminescence detection system (Pierce; Thermo Fisher Scientific, Inc.).
Immunohistochemistry. Immunohistochemical staining was performed on 4-µm thick paraffin-embedded skin tissue sections with an anti-SerpinE2 primary antibody (cat. no. ab154591; 1:200; Abcam). Briefly, sections were deparaffinized in xylene and hydrated with graded ethanol. Antigen retrieval was performed using 0.01 mM citrate buffer (pH 6.0) in a pressure cooker at 95˚C for 20 min, and endogenous peroxidase activity was blocked with incubation with 3% hydrogen peroxide for 10 min at room temperature. Sections were incubated with the primary antibody in a moist chamber overnight at 4˚C, washed 3 times in PBS and then incubated with a horseradish peroxidase-conjugated secondary antibody (cat. no. 31460; 1:5,000; Thermo Fisher Scientific, Inc.) for 1 h at 37˚C. Anibody-antigen complexes were visualized using a 3,3'-diaminobenzidine detection kit (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA). Samples were counterstained with 100% hematoxylin for 10 sec at room temperature. The mean percentage of SerpinE2-positive tumor cells was determined under an inverted microscope. At least 5 random fields under x400 magnification were assessed from each section.
Luciferase activity of different promoter constructs and chromatin immunoprecipitation (ChIP).
Transcriptional factor binding sites in the human miR-199a-3p promoter region were predicted using the JASPAR 2016 server (http://jaspar.genereg.net) and the ECR browser software (https://ecrbrowser.dcode.org/). Putative P53 binding site: 5'-GGG CTT T-3'; -1747 bp to -1741 bp. Mutant P53 binding site: 5'-AAA TGG G-3'. ChIP assays were performed on CRL-4025 cells transfected with P53 or empty vector using the Magna ChIP Assay Kit (EMD Millipore, Billerica, MA, USA). Protein-DNA complexes were precipitated with normal 
Results
miR-199a-3p is upregulated in the plasma of patients with a family history of type II diabetes.
RT-qPCR was employed to detect miR-199a-3p expression in the plasma of the 60 patients with diabetes and a family history of diabetes and healthy volunteers. miR-199a-3p expression appeared to be increased in patients with diabetes compared with the controls (Fig. 1A) . In addition, the expression of miR-199a-3p was measured in 30 DN lower limb skin samples and 20 volunteer tissues. We found that miR-199a-3p expression was significantly increased in skin tissues compared with volunteer tissues (P<0.05; Fig. 1B ).
miR-199a-3p expression is positively associated with clinical features of type 2 diabetes patients, especially peripheral blood coagulation.
To examine the relationships between miR-199a-3p expression and biological characters of diabetes, the 60 patients were divided into two groups according to miR-199a-3p expression (Table I) . High disease duration, glycated hemoglobin (HbA1C) and fibrinogen (FIB) were demonstrated to be associated with high miR-199a-3p expression (P<0.05; Table I ). This suggests that high miR-199a-3p expression in diabetes patients may be considered as indicative of DN progression.
miR-199a-3p promotes coagulation by targeting SerpinE2
in dermal microvascular endothelium. To study the mechanism by which miR-199a-3p may act, several computational algorithms, such as TargetScan version 7.0 (18), and miRBase (19) (20) (21) (22) (23) , were used to predict potential miR-199a-3p target sites. The seed sequences of mature miR-199a-3p and the 3'-UTR of SERPINE2 mRNA were matched ( Fig. 2A) . Following transfection with a miR-199a-3p mimic, the expression of miR-199a-3p was significantly upregulated, whereas transfection with an inhibitor effectively suppressed the expression of miR-199a-3p (Fig. 2B) .
To confirm SERPINE2 as the target of miR-199a-3p, the full-length SERPINE2 3'-UTR was subcloned into a luciferase reporter vector (pMIR-REPORT β-galactosidase control vector). Following transfection of SERPINE2 3'-UTR pMIR-REPORT into CRL-4025 cells, luciferase activity associated with SERPINE2 expression was demonstrated to be inhibited by co-transfection with miR-199a-3p mimics compared with co-transfection with miR-199a-3p control (P<0.01; Fig. 2C ). This reduction in luciferase activity was also demonstrated to be dependent on the presence of a wild type, rather than mutated, SERPINE2 3'-UTR; this inhibition was abolished when the predicted miR-199a-3p target sequences in the SERPINE2 3'-UTR were mutated ( Fig. 2A   and C) . Furthermore, inhibition of endogenous miR-199a-3p by the inhibitor in CRL-4025 cells was able to increase luciferase expression compared with control (P<0.05; Fig. 2D ). The changes in luciferase activity all occurred in the absence of any changes in the mRNA expression level of SERPINE2 (Fig. 2E) . Immunohistochemical analysis of skin tissues also demonstrated the difference in SERPINE2 expression in microvascular endothelia cells between diabetic patients and volunteers (Fig. 2F) . To directly assess the effect of miR-199a-3p on SERPINE2 protein expression, miR-199a-3p was transfected into CRL-4025 cells the protein expression levels of SERPINE2 detected by western blotting; overexpression of miR-199a-3p was demonstrated to reduce SERPINE2 protein levels compared with NC (Fig. 2G) . Conversely, transfection with miR-199a-3p inhibitor increased SERPINE2 protein expression levels compared with NC (Fig. 2G) .
miR-199a-3p promotes coagulation by targeting SerpinE2, thus inhibiting the tPA pathway. Since SERPINE2 lies upstream of the tPA signaling pathway, the effect of miR-199a-3p dysregulation on this pathway was examined in CRL-4025 cells. Increased miR-199a-3p in cells was associated with decreased expression of tPA compared with NC, whereas, inhibition of miR-199a-3p resulted in increased expression of tPA compared with NC (Fig. 2G) . miR-199a-3p was, therefore, posited to affect downstream signaling by targeting SERPINE2.
P53 activation of the promoter of miR-199a-3p and downregulates SERPINE2.
P53 was reported to regulate gene expression through its interaction with transcriptional factors and is downregulated in diabetes (13) . Activation of β cell glucokinase, initially triggers replication, then results in apoptosis associated with DNA double-strand breaks and activation of the tumor suppressor P53 (24) . P53 downregulates the expression of DNA methyltransferase 1 in NT2 cells, while overexpression of P53 restores the expression of miR-199-3p/5p and miR-214 (25) . To determine how P53 regulates the expression of miR-199a-3p, the effects of P53 on the expression of miR-199a-3p and SERPINE2 were examined. Compared with control, overexpression of P53 in CRL-4025 cells decreased expression of SERPINE2 (Fig. 3A) . By contrast, knockdown of P53 increased that of SERPINE2 compared with control (Fig. 3B) . These results suggest that P53 is responsible for the regulation of miR-199a-3p and SERPINE2 expression. To determine whether P53 directly transcribes miR-199a-3p, a putative P53-binding site upstream of the transcriptional start site of miR-199a-3p was characterized: P53 stimulated the activity of the luciferase reporter containing the putative P53-binding site but not the reporter with the mutated binding site or without the putative P53-binding site (Fig. 3C) . ChIP assays demonstrated the miR-199a-3p promoter occupancy of P53 (Fig. 3D) . Taken together, these data strongly suggest that P53 activates miR-199a-3p transcription through direct binding to its promoter.
Discussion
Since the discovery of miRNAs, many miRNAs have been found to have different expression patterns in different diseases, that are regulated by mechanisms as varied as the presence of deletions, amplifications or mutations involving miRNA loci, epigenetic silencing or the dysregulation of transcription factors that target specific miRNAs (26, 27) .
There have been a number of miRNA-screening studies in the plasma or serum of diabetes patients (28) . Inducible transgenic overexpression of miR-802 in mice causes impaired glucose tolerance and attenuates insulin sensitivity, whereas reduction of miR-802 expression improves glucose tolerance and insulin action (29) . Another study suggested that a defect in the NF-кB-miR-146a negative feedback loop may be involved in the pathogenesis of DN through regulating TNF-α, interleukin 6 (IL-6), and interleukin 1β (IL-1β) in the sciatic nerve of diabetic rats (30) . The present study examined miRNAs that are involved in DN occurrence from the coagulation status angle. A previous study identified miR-1908, miR-199a-5p and miR-199a-3p as endogenous promoters of metastatic invasion, angiogenesis and colonization in melanoma by convergently targeting apolipoprotein E and the heat shock factor DnaJ heat shock protein family (Hsp40) member A4 (31) . Furthermore, miR-199a-3p dysregulation has been noted in liver cancer (32) and in leukemia (33) . miR-199a-3p has been associated with many kinds of cancer, but, to the best of our knowledge, its role in diabetes has not previously been explored specifically. In the present study, the expression of miR-199a-3p was upregulated in the plasma of patients with diabetes and tissues of patients with DN compared with volunteers. In addition, high expression was significantly associated with high disease duration, HbA1C and FIB.
Through manipulation of its expression, miR-199a-3p was found to inhibit tPA in vitro through the regulation of the expression of SERPINE2. SERPINE2 upregulates tPA, which is associated with hypoxia-ischemia and excitotoxicity causes of DN injuries and participates in the processes through proteolytic and receptor-mediated pathways (34) . The present study observed downregulation of tPA protein expression levels in endothelial cells and DN tissues, and tPA protein levels were inversely associated with miR-199a-3p expression. Luciferase activity assays demonstrated that miR-199a-3p bound to the 3'-UTR of SERPINE2 mRNA. The effect of miR-199a-3p on SERPINE2 mRNA levels was also investigated, and it was found that miR-199a-3p did not modulate SERPINE2 mRNA expression levels, which indicated that miR-199a-3p targets SERPINE2 through translation inhibition rather than mRNA degradation. Furthermore, the miR-199a-3p-associated inhibition of tPA expression could be offset by upregulating SERPINE2 expression. Conversely, the increase in tPA expression caused by downregulation of miR-199a-3p could be offset by inhibition of SERPINE2. miRNA studies have demonstrated that P53 expression affects the expression of many miRNAs, however, the mechanisms through which miRNAs are regulated remain poorly understood (35) . P53 accumulation may be responsible for impaired wound healing in patients with diabetes (36) . The present study demonstrated a close association between miR-199a-3p expression and P53: Overexpression of P53 enhanced miR-199a-3p expression and downregulated SERPINE2 expression. miR-199a-3p was, therefore, identified as a downstream target of P53. These results demonstrated that P53 regulated miR-199a-3p expression through interacting with the promoter section as a transcriptional factor. The fact that P53 regulated miR-199a-3p expression suggests that miR-199a-3p may serve a role in DN.
In summary, the present study suggests that miR-199a-3p, induced by P53, functions as a pro-coagulating factor in DN by targeting SERPINE2, and subsequently suppresses expression of downstream tPA. miR-199a-3p, as a fascinating molecule involved in the pathogenesis and progression of DN, may serve as both a biomarker in early diagnosis of DN and a directing factor in treatment of DN.
